The objective of this study was to find the optimal proportions of pregnancies from an in vitro-produced embryo transfer (IVP-ET) system and artificial insemination (AI) so that profitability is maximized over a range of prices for embryos and surplus dairy heifer calves. An existing stochastic, dynamic dairy model with genetic merits of 12 traits was adapted for scenarios where 0 to 100% of the eligible females in the herd were impregnated, in increments of 10%, using IVP-ET (ET0 to ET100, 11 scenarios). Oocytes were collected from the top donors selected for the trait lifetime net merit (NM$) and fertilized with sexed semen to produce IVP embryos. Due to their greater conception rates, first ranked were eligible heifer recipients based on lowest number of unsuccessful inseminations or embryo transfers, and then on age. Next, eligible cow recipients were ranked based on the greatest average estimated breeding values (EBV) of the traits cow conception rate and daughter pregnancy rate. Animals that were not recipients of IVP embryos received conventional semen through AI, except that the top 50% of heifers ranked for EBV of NM$ were inseminated with sexed semen for the first 2 AI. The economically optimal proportions of IVP-ET were determined using sensitivity analysis performed for 24 price sets involving 6 different selling prices of surplus dairy heifer calves at approximately 105 d of age and 4 different prices of IVP embryos. The model was run for 15 yr after the start of the IVP-ET program for each scenario. The mean ± standard error of true breeding values of NM$ of all cows in the herd in yr 15 was greater by $603 ± 2 per cow per year for ET100 when compared with ET0. The optimal proportion of IVP-ET ranged from ET100 (for surplus dairy heifer calves sold for ≥$300 along with an additional premium based on their EBV of NM$ and a ≤$100 embryo price) to as low as ET0 (surplus dairy heifer calves sold at $300 with a $200 embryo price). For the default assumptions, the profit/ cow in yr 15 was greater by $337, $215, $116, and $69 compared with ET0 when embryo prices were $50, $100, $150, and $200. The optimal use of IVP-ET was 100, 100, 62, and 36% of all breedings for these embryo prices, respectively. At the input price of $165 for an IVP embryo, the difference in the net present value of yr 15 profit between ET40 (optimal scenario) and ET0 was $33 per cow. In conclusion, some use of IVP-ET was profitable for a wide range of IVP-ET prices and values of surplus dairy heifer calves.
INTRODUCTION
An in vitro-produced embryo transfer (IVP-ET) system can increase genetic progress by increasing the number of offspring produced from genetically elite females (Meuwissen, 1991; Kruip et al., 1994; Hansen, 2014) . In this system, oocytes from genetically superior donors are harvested at a young age using ovum pickup procedures, fertilized in the laboratory, often with sexed semen, and cultured to produce genetically superior female embryos that are transferred to recipients. Major hurdles in the widespread commercial application of IVP-ET systems have been low laboratory efficiency (Chaubal et al., 2006; Block et al., 2010) , high cost of producing transferable embryos (Hansen and Block, 2004; Wilson et al., 2006) , and lower survivability of embryos as well as calves arising from the IVP-ET system (Bonilla et al., 2014) .
Embryo transfer was found not to be profitable 30 yr ago (Ferris and Troyer, 1987) . Ribeiro et al. (2012) found that the use of embryo transfer was only justifiable if the difference in fertility is large when compared with reproductive programs that exclusively used conventional semen. Heikkilä and Peippo (2012) found an optimal breeding mix that included conventional and sexed semen along with embryo donors with embryos sold to external farms for Finnish dairy herds. Beltrame et al. (2007) concluded that IVP of embryos using sexed semen reduced the cost per female pregnancy in dairy cattle. These 3 studies did not include the genetic gain from IVP-ET versus AI within the herd. Ettema et al. (2011) and Heikkilä and Peippo (2012) advocated the need for using dynamic models that consider the genetic improvement over the course of several generations through selection in the herd to study more accurately the effect of various breeding types, including embryo transfer. Thomasen et al. (2016) illustrated the financial viability of using IVP-ET on the sire dam side of the Danish dairy population.
In a previous simulation study, we showed that a typical dairy herd using an exclusive IVP-ET system could sell up to 50% of its dairy heifer calves and still maintain an annual cow cull rate of approximately 33% (Kaniyamattam et al., 2017) . Pryce et al. (2010) reported similar results. The breeding cost per cow per year was $405 for an exclusive IVP-ET system after 15 yr of implementation, compared with $46 for an exclusive conventional AI system (Kaniyamattam et al., 2017) . Even after accounting for the greater genetic value of the dairy heifer calves generated in the exclusive IVP-ET system and selling of surplus dairy heifer calves at a premium price that reflects their genetic merit, the exclusive IVP-ET system and the exclusive AI system were equally profitable in yr 15. Major financial losses per cow per year in the initial 3 yr accrued due to a delay in the return of investment in IVP embryos. A more optimal strategy could be to use IVP-ET to produce less than 100% of the pregnancies in the herd. Breeding with conventional or sexed semen would be used for animals that are not selected as embryo recipients.
Our hypothesis is that an optimal proportion of IVP-ET exists that includes a combination of IVP-ET and AI. The optimal proportion of IVP-ET likely depends on the prices of embryos and of surplus dairy heifer calves.
Our first objective was to describe the economic and genetic performance of dairy herds that use various proportions of pregnancies generated by IVP-ET and AI using a stochastic, dynamic dairy model with multitrait genetics. Our second objective was to perform a sensitivity analysis with 6 prices for surplus dairy heifer calves and 4 prices of embryos to estimate the economically optimal proportion of pregnancies that are achieved from IVP-ET.
MATERIALS AND METHODS

Brief Description of the Model
We used the original model of Kaniyamattam et al. (2016 Kaniyamattam et al. ( , 2017 , with minor modifications made for this study. This is a daily dynamic stochastic model in which the genetic, technical, and financial performance of any animal in the herd is affected by 12 correlated genetic traits that are included in the 2014 net merit (NM$) index (VanRaden and Cole, 2014) . Genetic selection within the herd occurs by selling surplus dairy heifer calves not needed to replace culled cows, culling of low milk producing cows when heifers calve, and selective breeding with conventional or sexed semen or embryo transfer. Genetic trends for service sires are independent of the herd. The model simulates a herd of 1,000 milking cows with associated dry cows and young stock over time.
The original model included an exclusive IVP-ET system in which oocytes were collected from the top embryo donors ranked for NM$, and transferable embryos were transferred to selected recipients (Kaniyamattam et al., 2017) . In the original model, all breedings were either exclusively with IVP embryos or with AI. For the current study, we modified the model to include changes in the use of donors and recipients so that a combination of both IVP-ET and AI could be simulated.
Donor Usage Pattern. We designed 11 scenarios with varying donor usage patterns that resulted in an increasing number of IVP embryos being produced (Table 1). The number of embryos produced in the herd in each 10-d interval was increased by 8, so that the total of IVP-ET conceptions in the herd increased by approximately 10 percentage points, starting from a minimum of 0% IVP-ET conceptions (ET0; all breedings with AI) to a maximum of 100% IVP-ET conceptions (ET100; all breedings with IVP-ET; Table 1 ). Donor selection occurred once every 10 d in all scenarios to have a constant supply of embryos over time. The initiation of the oocyte collection protocol occurred on different days within a 10-d window depending on the scenario (Table 1) . For example, in the ET20 scenario, the oocyte collection procedure started for the first donor on d 1, the second donor on d 4, the third donor on d 7, and the fourth donor on d 9.
Recipient Usage Pattern. The number of recipients was equal to the number of collections times 8, starting from a low of 0 recipients for ET0 up to 160 for ET100 (Table 1) . When the number of eligible recipients required was smaller than the total number of eligible animals available, we ranked the eligible recipients by expected probability of conception. Therefore, the eligible heifer recipients were first selected as recipients due to the greater conception rate for IVP embryos in heifers than in cows. Among the eligible heifer recipients, the ones with the lowest number of unsuccessful breedings and embryo transfers were ranked the highest. Second, the youngest of the eligible heifer recipients
